Introduction
Groundwater is the most affordable and widely used natural resource for many of the rural areas in South Africa. Its chemical nature is one of the most important criteria that determine its usefulness for a specific need and as such not all groundwater is fit for drinking. 1 Although the presence of fluoride in drinking water, within permissible limits, is beneficial for the production and maintenance of healthy bones and teeth, excessive intake of fluoride can cause dental or even skeletal fluorosis. 2 The permissible limit set by the World Health Organization (WHO) is 1.5 mg/L. 3 The presence of fluoride in high concentration in drinking water is therefore a serious health concern.
Fluorosis is an incurable disease caused by drinking water with fluoride concentrations of greater than 1.5 mg/L for extended periods of time and therefore efforts must be made to prevent it by providing drinking water with fluoride concentrations below 1.5 mg/L. Ncube and Schutte 4 indicated that groundwater which has fluoride concentrations beyond the recommended limits for drinking water will require defluoridation. Meenakshi and Maheshwari 5 reported various methods for defluoridation, including adsorption methods, ion exchange, membrane techniques and precipitation methods. Among all the methods of defluoridation which have been reported, adsorption has been considered an effective method for defluoridation of groundwater in rural areas because it uses materials which are readily available and inexpensive. Different materials such as clay soils 6 , activated alumina 7 , activated carbon 8 and other low-cost materials have been tested for defluoridation of groundwater. Among the tested adsorbents, activated alumina is widely used because it is inexpensive and it has a high defluoridation capacity. 5 Recently, more studies have focused on the use of clay soils for defluoridation because of their good adsorptive properties such as a large specific surface area, chemical and mechanical stability, layered structure and high cation exchange capacity. Several studies that have reported the use of clay soils for defluoridation have been published, including a study on illite-goethite soil in China 9 , a study on selected South African clays 6 , the use of chemically modified bentonite clay 10 , magnesium incorporated bentonite clay 11 , Fe 3+ -modified bentonite in South Africa 12 and Al 3+ -modified bentonite in South Africa 13 . Smectite-rich clay from Mukondeni (a village in the Limpopo Province of South Africa) has been used for a very long time to make ceramic water filters and has been found to be effective in improving water quality. 14 Its use in the adsorption of inorganic pollutants has never been evaluated, although it is known to be rich in smectite. 15 Smectite-rich clay soil is available naturally in large abundance at no cost.
We evaluated the physicochemical properties of the black Mukondeni smectite-rich clay soil and its potential application in defluoridation of groundwater using batch experiments. Optimum operating conditions such as contact time, adsorbent dosage, initial adsorbate concentration and initial pH were determined. The regeneration and re-usability potential of smectite-rich clay soil as well as the effects of co-existing ions on defluoridation efficiency was also evaluated. Lastly, the mechanism of fluoride adsorption on the clay soil was elucidated. 
Material and methods

Sample collection and preparation
Preparation of clay soil
The soil was washed by mixing with Milli-Q water (18.2 MΩ/cm) at a ratio of 1:5 in a 1-L beaker; the mixture was stirred for 5 min, and the procedure was repeated twice. After stirring, mixtures were agitated for 15 min using a Stuart reciprocating shaker and then centrifuged for 10 min at 5000 rpm. Samples were then dried in an oven for 12 h at 105 °C. Soil samples were then milled to pass through a 250-µm sieve.
Physicochemical and mineralogical characterisation
Mineralogical and chemical composition of the clay soil were determined using X-ray diffraction (XRD) (PANalytical X'Pert pro power) and X-ray fluorescence (XRF) (Thermo Fisher ARL9400 XP+ sequential XRF with WinXRF software), respectively. Surface morphology was determined using scanning electron microscopy (SEM) (Leo1450 SEM, voltage 10 kV, working distance 14 mm). Surface area and pore volume were determined by the Brunauer-Emmett-Teller method using micrometrics TriStar II. Functional groups and surface chemistry were determined using Fourier transform infrared spectroscopy (FTIR). Cation exchange capacity (CEC) was determined using ammonium acetate buffers at pH 5.4 and 7.4. The concentration of exchangeable cations was determined using flame atomic absorption spectra (600 PerkinElmer). Point of zero charge (pH pzc ) was determined using titration at 0.1 M, 0.01 M and 0.001 M KCl ionic strength.
Batch defluoridation experiments
Batch experiments were carried out to evaluate the effect of contact time, initial adsorbate concentration, adsorbent dosage and pH on fluoride adsorption. A 100-mL volume of a known fluoride concentration was pipetted into a 250-mL plastic bottle and a known mass of the smectiterich clay was suspended in the mixtures and then agitated for 30 min in a table shaker to attain equilibrium. After agitation, samples were filtered using 0.45-µm pore membrane filters. Filtrates were analysed for residual fluoride using an ion selective electrode calibrated with four standards containing 1 mL of TISAB III per 10 mL of solution. The same ratio was maintained for the sample. TISAB III was added to decomplex fluoride ions (F -) from Al 3+ , Fe 3+ and Si 4+ complexes and to maintain pH at between 5.2 and 5.5, optimum for the F --selective electrode. To evaluate the effect of contact time, the contact time was varied from 5 min to 270 min. The effect of adsorbent dosage was evaluated by varying the adsorbent dosage from 0.1 g to 2 g. To evaluate the effect of adsorbate concentration, the initial concentration was varied from 3 mg/L to 15 mg/L and to evaluate the effect of initial pH, the pH of the solution was adjusted from 2 to 12 using 0.1 M NaOH and 0.1 M HCl. The effect of competing ions was investigated by spiking a 3 mg/L fluoride solution with 5 mg/L of SO 4 2-, Cl -, CO 3 2- and NO 3 -, separately; a blank experiment was set for control with initial fluoride concentration of 3 mg/L. Mixtures were agitated for 30 min. All experiments were carried out at room temperature. Equations 1 and 2 were used to calculate the percentage of removal and adsorption capacity Q, respectively.
where C o is the initial fluoride ion concentration and C e is the equilibrium fluoride ion concentration in mg/L.
where C o is the initial fluoride concentration (mg/L), C e is the fluoride concentration at equilibrium (mg/L), V is the volume of solution (L) and m is the mass of the adsorbent (g).
Regeneration of smectite-rich clay soil
Regeneration of the adsorbent was carried out as follows: 0.8 g of fluoride-loaded clay was agitated with 100 mL of 0.1 M NaOH for 30 min on a table shaker. After agitation, the adsorbent was filtered through a 0.45-µm pore membrane filter and the filtrate was diluted to 100 mL and then analysed for desorbed fluoride. The collected adsorbent on filter paper was washed with Milli-Q water and then dried at 110 ºC for 3 h. Regenerated adsorbent was then re-used for defluoridation up to five times.
Method of analysis
The fluoride concentration in the treated water sample was measured using an ion selective electrode (9609 BNWP Orion, USA) attached to a Thermo Scientific Orion Star A215 ISE pH meter. A similar ion meter coupled with a pH electrode was used for measuring the pH of treated samples. All experiments were conducted in triplicate for better accuracy and the mean values were reported.
Results and discussion
Physicochemical characterisation
X-ray diffraction analysis XRD analyses were carried out to identify the mineral phase of the adsorbent. As shown in Figure 1 , the clay soil is mainly composed of montmorillonite, quartz, albite and anthophyllite. The quantitative results further confirm the presence of smectite (60.34%) as the major mineral and the presence of quartz (20.21%) and plagioclase (20.4%) as minor minerals. X-ray fluorescence analysis Scanning electron microscope analysis
Surface morphology of smectite-rich clay is shown in Figure 2 . At lower magni fications, smectite-rich clay soil showed an irregular porous structure, whereas images at higher magnifications revealed that smectiterich clay soil has a smooth surface.
Fourier transform infrared spectroscopy analysis FTIR analysis was carried out in order to understand the surface chemis try and functional groups of smectite-rich clay soil and also to help understand the adsorption mechanism. Figure 3 shows the FTIR spectra of raw and fluoride-loaded smectite-rich clay soils. The analysis shows three main absorption regions of smectite-rich clay soil, i.e. 3000-3800 cm -1 , 1300-1800 cm -1 and 500-1200 cm -1 . The same absorbance bands were observed by Toor et al. 16 in montmorillonite clay. A notable difference was observed in those regions in raw smectite-rich clay soil and F --loaded smectite-rich clay soil. The absorption band at 3694.38 cm -1 may be a result of stretching and vibration of the structural OH -group and the broad band at 3620.51 cm -1 may be attributed to the stretching and vibration of structural hydroxyl groups and water. In the lower frequencies, a strong band at 996.06 was observed which may be caused by the stretching and vibration of Si-O groups in the clay mineral. The IR peak at 910 cm -1 may be attributed to stretching and vibration of Al-OH-Al. After fluoride sorption there was a decrease in the intensity of transmittance in all the peaks. This decrease confirms that the fluoride adsorption in smectite-rich clay soil was mainly through interaction with OH groups and also direct interaction with the metal surface. CEC, surface area, pore volume and diameter and pH pzc CEC refers to the total quantity of exchangeable cations that the soil can retain on their surfaces by electrostatic force at given pH. The CEC for smectite-rich clay was identified by measuring the concentrations of Na + , K + , Mg 2+ and Ca 2+ in ppm released in solution and the concentrations were then converted to milliequivalent per 100 g 
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Smectite-rich clay soil and groundwater defluoridation 12 who also concluded that CEC is independent of pH. It can also be concluded that the smectite-rich clay soil has moderate CEC. The surface area and pore size of the clay are the significant properties that influence the sorption of ions by the clay. Surface area, pore volume and pore size of smectite-rich clay soil were determined using the Brunauer-EmmettTeller method and the results are summarised in Table 1 . The smectite clay has an average pore diameter of 7.04 nm, which suggests that it is mesoporous in nature. pH pzc of the smectite-rich clay soil evaluated in this study was found to be 6.0, which is lower than that for bentonite clay soil reported by Gitari et al. 12 which was found to be 8.2. pH pzc refers to the suspension pH at which the clay soil has zero net charges on the surface 17 . Above the pH pzc the clay is negatively charged and below the pH pzc the clay is positively charged. 18 Therefore, adsorption of anions is likely to be high at a pH below 6.
Batch adsorption experiments
Batch experiments were carried out to evaluate the effects of contact time, adsorbent dosage, initial concentration, pH and co-existing ions in the adsorption of fluoride onto smectite-rich clay soil.
Effect of contact time
The effect of contact time in adsorption of fluoride was evaluated at various initial concentrations ranging from 3 mg/L to 10 mg/L and adsorbent dosage of 0.3 g/100 mL. Contact time was varied from 5 min to 270 min at a 250-rpm shaking speed. Results are shown in Figure 4a which illustrates the plot of percentage fluoride removal with time. It was observed that percentage of fluoride removal increased gradually from 5 min up to 30 min, with a slight decrease at 60 min, after which the system seemed to approach equilibrium. This pattern was observed at all initial concentrations. The increase might be attributed to the availability of active sites for fluoride sorption which result in more exchange of ions and the decrease might be an indication that the active sites were getting saturated as the interaction continued, with the system finally reaching equilibrium. The percentage fluoride removal was reduced with an increase in initial fluoride concentration. Optimum fluoride uptake was observed at 30 min and this contact time was applied in subsequent experiments.
Effect of adsorbent dosage
The effect of adsorbent dosage was evaluated by varying the amount of clay from 0.1 g/100 mL to 2.0 g/100 mL. An initial fluoride concentration of 3 mg/L was used. The mixtures were agitated for 30 min at 250 rpm shaking speed. The results are reported as percentage fluoride removal in Figure 4b . It was observed that fluoride removal increased gradually from 46% at an adsorbent dosage of 0.1 g/100 mL to 62.2% at 0.8 g/100 mL. The increase is likely a result of an enhancement in the number of adsorption active sites available for adsorption of F -as the adsorbent mass increased. 11 A slight change in the percentage F -removal was observed for an adsorbent dosage of 0.8 g/100 mL, which may be an indication that the system had reached equilibrium. Similar results have been reported by Kamble et al. 10 with chemically modified bentonite for which they cited two reasons: (1) better utilisation of the available active sites at low adsorbent dose in comparison to high adsorbent dose at which too many sites are available for limited quantity of adsorbate and (2) reduced driving force for adsorption as high adsorbent dose causes lower equilibrium fluoride concentration. A dosage of 0.8 g/100 mL was then chosen as the optimum adsorbent dosage and was applied in subsequent experiments.
Effect of initial adsorbate concentration
The effect of adsorbate concentration was evaluated by varying the initial concentration from 3 mg/L to 15 mg/L at 30 min, 60 min and 120 min contact time at a shaking speed of 250 rpm and an adsorbent dosage of 0.8 mg/100 mL. Results are reported in terms of percentage removal in Figure 4c . It is observed that the percentage F -removal decreased with an increase in initial concentration. The same trend was observed for all three contact times. According to Thakre et al. 11 , the decrease in fluoride adsorption is because of the availability of more fluoride ions in solution at higher fluoride concentration, which also indicates that the fluoridebinding capacity of smectite-rich clay soil was approaching exhaustion. An initial adsorbate concentration of 3 mg/L was chosen as the optimum concentration for subsequent experiments.
Effect of initial pH
The effect of initial pH on percentage fluoride removal was evaluated by varying the initial pH of the solution from 2 to 12 using 0.1 M NaOH and 0.1 M HCl. The results are presented in Figure 4d . pH of the medium is one of the important parameters that influence fluoride removal efficiency significantly and help to understand the fluoride-uptake mechanism of the adsorbent. From the results presented in Figure 4d it is evident that smectite-rich clay showed significantly high fluoride removal efficiency over a wide range of pH, from 2 to 10. The optimal pH -with a fluoride removal of about 92% -was an acidic pH of 2. A decrease to 31.33% was observed at pH > 10. At pH 2 the surface of the clay is positively charged and F -would be electrostatically attracted to the clay surface, which explains the high F -adsorption at pH 2. The trend of change in pH during fluoride adsorption showed that at a pH below 6, the final pH was higher than the initial pH while at a pH above 6 the solution pH decreases. The increase may be attributed to the release of OH -ions from the adsorbent surface during ion exchange and the decrease in final pH at initial pH above the pH pzc may be attributed to the release of H + ions from the adsorbent surface. 
Regeneration of adsorbent
To evaluate the regeneration and recyclability of smectite-rich clay soil, five successive adsorption and desorption cycles were performed at an initial concentration of 3 mg/L fluoride, pH of 5.54 and contact time of 30 min. The results are presented in Figure 6 . It is observed that the percentage fluoride removal after the first cycle decreased slightly from 56% to 54.6% and continued to decrease after each cycle. The same trend was reported in Zhang et al. 19 and Jia et al. 20 and it was attributed to inadequate regeneration of the adsorbent. 
Defluoridation of field water
The efficiency of smectite-rich clay soil for fluoride removal was tested by using field groundwater collected from the Siloam borehole at the established optimum conditions of pH, contact time and adsorbent dosage. The adsorption of fluoride from groundwater by smectite-rich clay soil was conducted at optimum pH (pH 2) and natural pH (pH 7.8). Table 2 shows the physicochemical parameters of the field water before and after treatment. 
ND, not detected
The percentage F -removal was found to be lower at natural pH (44%) than that at optimum pH (52%), as shown in Table 2 , which may be a result of the abundance of OH -ions -which compete with F -ions -at natural pH (7.8). The percentage F -removal achieved from field groundwater is lower than the percentage F -removal achieved with synthetic fluoride solution (92%). This finding may be a result of the presence of competing anions such as Br -, PO 4 3-and SO 4 2-in the field water. From Table 2 it can be seen that the concentration of these coexisting ions decreased -indicating that they were adsorbed during the adsorption process. The concentration of Al and Fe chemical species in treated water were found to be within the WHO recommended limits of 0.2 mg/L and 0.3 mg/L, respectively, for potable water. The results show that smectite-rich clay soil from Mukondeni can be used for defluoridation of groundwater containing fluoride at concentrations below 3 mg/L in order to achieve the recommended limit of 1.5 mg/L. However, the fact that the soil removed a higher percentage at lower pH may be the limitation in its application, as the water will need to be acidified before treatment.
Adsorption modelling
Langmuir and Freundlich equations are generally used to describe the equilibrium relationship between adsorbate concentration and the amount of adsorbate adsorbed on the surface of the adsorbent. The Langmuir adsorption isotherm is the most applicable isotherm commonly applied in solid/liquid systems to describe saturated monolayers sorption. 21 It assumes that the adsorbent surface is uniform, i.e. all the adsorption sites are equivalent and adsorption molecules do not interact. as follows:
where C e is the equilibrium concentration (mg/L), Q e is the adsorption capacity (mg/g), Qm is the theoretical maximum adsorption capacity (mg/g) and b is the Langmuir constant related to enthalpy of adsorption (L/mg). Qm and b are determined from the slope and intercept of the plot of
Ce vs. C e Qe
. Figure 7a shows the plot of the Langmuir isotherm. The values of Langmuir parameters Q m and b are reported in Table 3 . In order to predict the adsorption efficiency of the process, the dimensionless equilibrium parameter (R L ) was calculated using Equation 4:
where C o is the initial concentration and b is the Langmuir constant. A value of R L less than 1 generally indicates favourable adsorption and a value greater than 1 indicates unfavourable adsorption. Calculated R L values at various contact times in Figure 7b lie within the range 0-1, indicating that the adsorption process was favourable at room temperature for all the adsorbate concentrations tested.
The Freundlich adsorption model is an empirical model which is indicative of the surface heterogeneity of the adsorbent and considers multilayer adsorption. 10 It is expressed by Equation 5 :
where C e is the equilibrium concentration (mg/L), Q e is the amount adsorbed at equilibrium (mg/g), K f is the Freundlich constant related to adsorption capacity and represents the strength of adsorptive bonds and 1/n is the adsorption intensity. When 0<1/n<1, the adsorption is favourable; when 1/n=1, the adsorption is irreversible; and when 1/n>1, the adsorption is unfavourable. The values of K f and 1/n are obtained from the slope and intercepts of a linear plot of log Q e vs log C e . Figure 7c shows the Freundlich isotherm. Values of K f and 1/n are reported in Table 3 . Based on the correlation coefficient values for both contact times, the adsorption data fit better to the Langmuir adsorption isotherm than the Freundlich adsorption isotherm. Better fit of the Langmuir isotherm model suggests monolayer uniform adsorption on the surface of the adsorbent. Calculated model constants for Langmuir and Freundlich isotherms are shown in Table 3 . The value of R L , a dimensionless equilibrium parameter, and the value of 1/n -the Freundlich adsorption intensity -were both between 0 and 1, which indicates that the adsorption of F -onto smectite-rich clay soil was favourable.
Adsorption kinetics
Theoretically, the adsorption of fluoride onto a solid particle is controlled by different mechanisms. These mechanisms involve diffusion or transport of fluoride from bulk solution to the exterior surface of the adsorbent particle, adsorption of F -onto the particle surface, movement of the solute within the pores of the particle, attachment of the solute at sites on the interior surface of the adsorbent via sorption, complexation and intra-particle diffusion phenomena. 22, 23 Pseudo first and second order rate reactions and the intra-particle diffusion models are widely used to elucidate the adsorption mechanisms and the ratelimiting factors.
A pseudo first order equation is represented by Equation 6. The model is widely used to describe liquid-solid phase adsorption systems, and it is the earliest known kinetic model describing the adsorption rate based on the adsorption capacity. 24 log(q e -q t )=log(q e )-k ad t
2.303
Equation 6 A pseudo second order equation is represented by linear Equation 7 and is used to describe chemisorption, as well as cation exchange reactions: where q e and q t (both in mg/g) are the amounts adsorbed per unit mass at a time, t (in min). K ad (min -1 ) and K 2ads (g/mg.min) are first and second order rate constants (g/mg.min). The value of K ad is determined from the slope and intercepts of log (q e -q t ) vs t (min) and the value of K 2ads is determined from the slope and intercepts of t/q t vs t. Figure 7d and 7e show plots of pseudo first and second order, respectively. The plots of pseudo second order yielded straight lines and higher correlation coefficients at both concentrations. The plots of pseudo first order did not give straight lines. Therefore adsorption of fluoride onto smectiterich clay soil followed pseudo second order and occurred through chemisorption. Model constants for pseudo first and second order are presented in Table 3 . In order to predict the rate-limiting step in the adsorption of F -onto smectite-rich clay soil, the possibility of intraparticle diffusion was evaluated using the Weber-Morris model of intraparticle diffusion expressed by Equation 8 23 :
Equation 8 where q t is the amount adsorbed (mg/g) at a given time t (min) and K i (mg/g.min) is the intra-particle diffusion rate constant determined from the slope of t 0.5 vs q t . Figure 7f shows the plot of the amount of fluoride adsorbed and t 0.5 . The intercept did not pass through the origin at each of the evaluated concentrations and the data show a bilinear plot, with the initial portion (phase 1) indicating the boundary layer diffusion and the other represents the intra-particle diffusion (phase 2) and the values of K i1 and K i2 (intra-particle diffusion co-efficient rate constant for phase 1 and phase 2, respectively) obtained from the plot are shown in Table 3 . At both initial concentrations, the K i1 value is higher than the K i2 value, suggesting that the initial sorption step is more rapid than the final step (phase 2), which may be because of differences in the rate of mass transfer in the initial and final stages of adsorption. 20 This observation is connected to a mechanism consisting of an external mass transfer followed by diffusion into micro-and mesoporous surfaces. This means adsorption of F -onto smectite-rich clay soil is a complex process involving both boundary and intra-particle diffusion adsorption processes.
Mechanistic aspects of adsorption of F -onto smectite-rich clay soil
The mechanism of fluoride adsorption onto smectite-rich clay was evaluated by comparing the FTIR spectra of smectite-rich clay soil before and after adsorption (Figure 3) . FTIR spectra showed that the clay soil surface is mainly characterised by Si-OH and Al-OH groups which may be easily modified by changing the pH of the medium. pH pzc determination showed that at pH 5.8 the surface has neutral charge, below 5.8 the surface is positively charged and above 5.8 it is negatively charged. Figure 4d shows that the adsorption of F -onto smectite-rich clay soil was optimum at low pH and decreases as the pH increases, which may have been a result of the increase in OH -which competes with F -for adsorption sites. After F -adsorption, the FTIR spectra showed a decreased peak intensity of transmittance indicating that during adsorption there was ion exchange between OH -in the surface and F -in bulk solution, leading to the formation of new bonds such as SiF and AlF. Different mechanisms can be suggested at various pH levels. At pH below 5.8, the surface of the clay is positively charged (Equation 9) and therefore F -ions will be electrostatically adsorbed to the surface of the clay (Equation 10). Furthermore, low pH causes protonisation of surface -OH groups to -OH 2 + which facilitates the ligand exchange mechanism because of stronger attractive forces between fluoride and the adsorbent surface and the presence of more hydroxylated sites for exchange of F -than at high pH. 8 At moderate pH, fluoride adsorption occurs via ion exchange (Equation 11). At a pH above the pH pzc at which the surface of the clay is negatively charged, fluoride adsorption also occurs via ion exchange (Equation 12).
http://www.sajs.co.za where ≡M represents Si and Al in the adsorbent surface.
Conclusions
In the assessment of the use of smectite-rich clay soil from Mukondeni for the defluoridation of groundwater, the following major conclusions were made:
• Optimum conditions were found to be 30 min contact time at a 250 rpm shaking speed on a table shaker, with an adsorbent dosage of 0.8 g/100 mL, a 3 mg/L adsorbate concentration and a pH of 2. Fluoride removal at optimum conditions was ≈92% for an initial concentration of 3 mg/L.
• Smectite-rich clay soil can be successfully regenerated using 0.1 M NaOH.
• Adsorption isotherms showed that the data fit better to the Langmuir isotherm than to the Freundlich isotherm, suggesting that adsorption of fluoride occurred on a monolayer surface.
• Adsorption kinetic studies showed that the data fit better to pseudo second order than to pseudo first order suggesting that the adsorption occurs via chemisorption.
• The data did not fit well to the intra-particle diffusion model of Weber-Morris and showed a bilinear plot which indicated that the adsorption of fluoride onto smectite-rich clay soil is a complex process.
• Ligand exchange and ion exchange mechanisms of F -adsorption are suggested to be the main mechanism taking place during the adsorption process.
• Field water defluoridation experimental results showed that smectiterich clay soil is a potential candidate material for defluoridation.
• We recommend further research to improve the adsorptive capacity of the smectite-rich clay soils.
